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ABSTRACT
A combination oftwo new production methods, Reaction-Bonded Metal Oxide
(RBMO) and electrochemical processing have been utilized to create a multilayer thermal
barrier coating (TBC). Electrochemical processing, which includes both electrodeposition
(EDEP) and electrophoretic deposition (EPD) has been used to deposit both the metallic
and ceramic layers ofthe coating. EPD has been used to deposit the RBMO precursor
powders, which exhibit the dual properties ofboth a metal and ceramic due to its
composite nature (Wu et al. 1993). The electrochemical deposition process is an
attractive one because of its low equipment and materials costs.
Multilayered coatings ofsingle and dual particle matrix composite have been
produced by the electrochemical deposition process. The structure ofthe electrodeposited
layers has been studied using both light and scanning electron microscopy. Variation in
particle bath loading and current density has shown that the amount ofalumina
incorporated in a single layer can be controlled between a range of 0 to 40%.
Codeposition ofAI has been shown to result in a refinement ofthe Ni matrix structure at
high (> 10 A/dm2) current densities. For single particle baths, the codeposition ofAI20 3
was more strongly affected by current density and bath particle content than was the
codeposition ofAI. However, for baths containing both AI and AI20 3the amount of
incorporated AI203 no longer depended on current density. With the choice of
appropriate conditions, coatings ofNi with up to the previously mentioned limit of40%
AI203 were made. Similar experiments with AI yielded a maximum of 17.5 vol.% only.
Uniform and graded mixed-particle coatings were also produced. When coatings
containing AI were annealed, the reaction ofthe two elements resulted in the formation of
either single phase y oftwo phase y-y' alloys, in agreement with the equilibrium phase
diagram. Mechanical properties ofthese layers have been'evaluated and related to the
microstructure through bend testing and microhardness measurements. Elevated-
temperature testing ofthe electrodeposited layers was also performed through an
oxidation study and thermal cycling of the final thermal barrier coating (TBC). The
oxidation studies have shown that multiple oxides tend to form; one that forms at the
metaVgas interface and a second that grows through the electrodeposited layer. It was
found that alumina addition to the nickel matrix did not result in an increase in oxide
growth rates, and in some cases, lead to a decrease in the growth rate.
Electrophoretic deposition was used to deposit the yttria-stabilized zirconia (YSZ)
topcoat ofthe TBC, in addition to the RBAO layer. The deposition ofYSZ is made
possible by the metallic nature ofthe RBMO layer. Electrophoretic deposition utilizes the
process ofelectrophoresis, which is the migration ofthe charged particles toward the
deposition electrode. The direction ofthe particle migration is controlled by the zeta
potential of the particles. Final sintering ofthe YSZ and RBMO layers is done
simultaneously, thus producing a fully ceramic top-coat. Microstructural characterization
ofboth the as-deposited "green" state, and the sintered structure has been performed for
both the RBAO and YSZ layers. The sintered microstructure shows a dense AI20 3 layer
with corresponding microhardness values roughly an order ofmagnitude higher than that
ofthe Ni matrix.
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The ability to produce a multilayer TBC via the combination ofthe
electrodeposition and electrophoretic deposition processes has been shown. Furthermore,
comparative studies have been performed between the electrochemically processed
coatings and industrially produced air-plasma spray coatings. The plasma spray coatings
were supplied by Westinghouse and consist ofa MCrAlY bond coat with a YSZ outer
layer. Both types ofsamples were evaluated using furnace thermal cycling and
measurement ofthe respective insulative capacities ofeach coating. In addition, the
electrochemically processed TBCs were subjected to a high-temperature oxidation study.
It was found that while the formation ofoxide layers was observed at the metal-ceramic
interface ofthe electrochemically processed samples, the oxide was not able to extend into
the electrodeposited layers. It was also seen that the electrochemically processed TBCs
showed greater insulative capacity than the plasma spray samples, despite being
approximately half as thick as the latter samples. The results ofthis study suggest that a
viable coating has indeed been produced using the combination oftwo electrochemical
processing techniques.
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1.0 INTRODUCTION
Due to the constant push for higher operating temperatures and the corresponding
increase in engine efficiency, new designs for critical components ofboth air and land
based gas turbines are needed. Currently, preventing the move to higher operating
temperatures are the materials limitations ofcommercially used superalloys. Any
escalation ofoperating requirements for these components would only lead to shorter
component lifetimes. The increased cost ofcomponent replacement in addition to lost
revenue during maintenance at best offsets the achieved gain in efficiency.
As a potential solution to this problem, thermal barrier coatings have been
incorporated for these critical engine components (e.g. combustor parts, turbine blades,
etc.). A TBC typically consists ofa ceramic top layer, which is characterized by low
thermal conductivity, on top ofa metallic bond coat layer. The ceramic top layer, or top-
coat, is usually yttria stabilized zirconia (YSZ) while the bond coat is typically a type of
MCrAlY.
Traditional methods for the production ofTBCs usually involve either a plasma
spray or a physical vapor deposition (PVD) process (Rhys-Jones and Toriz 1989). In the
case ofeither process, the initial capital expenditures are large due to the high price for
either thermal spray or PVD equipment. In an effort to produce both a more economically
viable and longer lifetime coating, electrochemical methods incorporating novel materials
are being studied. The electrochemical production methods currently being investigated
are electrodeposition and electrophoretic deposition. In addition, RBMO powders are
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being incorporated during the electrophoretic deposition process to improve the overall
oxidation resistance ofthe TBC.
The RBMO process utilizes the oxidation reaction ofattrition-milled and
compacted metaVceramic powder mixtures to make monolithic and composite ceramics
(Wu et al. 1993). In the production ofreaction-bonded Ah03 (RBAO), the volume
fraction ofAI is usually in the range ofO}-0.6, with the remainder of the powder mixture
being Ah03 and ZrOz, for example. The process offers significant advantages over
conventional ceramic processing such as low raw material costs, low processing
temperatures, machinability ofgreen bodies, and near-net-shape forming capacity.
Reaction-bonded ceramics/composites exhibit superior microstructures and fracture
strengths; for instance < 1 /lm grain size and > 800 Mpa for the ZrOz-containing RBMO
bodies.
To produce an industrially viable TBC, a system ofelectrodeposited Ni-AI-AIz0 3
layers followed by electrophoretically deposited RBMO and YSZ layers is being studied.
The objective ofthis research is to study the feasibility of the electrophoretic deposition
process for deposition ofmultiple ceramic layers and evaluate the electrochemically
produced thermal barrier coatings.
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2.0 BACKGROUND
2.1 Thermal Barrier Coatings
2.1.1 Function of TBCs
In order to prevent the operating temperature ofcommercial superalioys used as
turbine components from reaching temperatures at which creep or even melting might
occur, an intricate cooling system using either air or steam is employed. However, when
chargeable air is used (air to which work is done to compress it - Nelson et aI. 1995) the
turbine output and efficiency is decreased. By employing a TBC and reducing the
chargeable air requirement, this lost efficiency can be covered. The result ofTBC usage is
that the substrate material may operate at lower temperatures due to the insulating effect
ofthe coating.
There are several requirements for a material to be suitable for thermal barrier
applications. The coating material must possess a high melting point, low thermal
conductivity, similar thermal expansion coefficient to that ofthe substrate, must maintain
the aerodynamic features of the substrate, and finally must be resistant to harsh
environments which may induce oxidation, corrosion, or erosion (Rhys-Jones and Toriz
1989).
The use ofa TBC presents multiple options to the engineer who designs the part
to be coated. First, the type ofcoating and corresponding stability ofthis coating is
important to the engineer. If there is a relatively low level ofconfidence with the coating,
the part will likely be designed such that its life will not be reduced significantly by the loss
of the coating. Therefore, coating maintenance and constant monitoring ofthe component
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are not necessary. The most common mechanism for coating failure is attributed to
spallation due to stresses that arise from the thermal expansion mismatches between the
metallic and ceramic layers. These stresses typically produce cracks parallel to the metal-
ceramic interface leading to the coating pealing away from the substrate (Rhys-Jones and
Toriz 1989). For the other scenario where a high degree ofconfidence exists in the TBC,
materials selection and design may be done with the assumption that the coating life can be
determined. Ifa reliable estimate for the lifetime ofthe coating is known, components can
be replaced before failure occurs. These coatings are commonly used on components
where coating stability and reliability is essentia~ and failure ofthe coating could have
severe consequences. For example, the estimation ofthe TBC lifetime is important for
high-pressure turbine (HPT) nozzles, where coating failure would lead to a reduction in
component lifetime to below what would be expected for even an uncoated nozzle
(Wortman, Nagaraj, and Dederstadt 1989).
2.1.2 Functionally Graded Materials (FGMs)
As mentioned in the previous section, the primary failure mechanism for TBCs is
spallation ofthe heat-resistant coating due to the thermal mismatch stresses that arise
between the metal substrate and the ceramic insulating layer. One idea for circumventing
this problem is to change the nature ofthe metal-ceramic interface. This can be done by
producing a composite that smoothly changes composition from one material at the inner
surface to a second material at the outer surface. By grading the composition in this
manner, the properties ofeach material also become graded, effectively eliminating the
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metal-ceramic interface. Because a continuous grade may not be necessary to distribute
the stresses, a discretely graded material will also be effective in reducing thermal
mismatch stresses. A schematic representation ofboth a continuously graded and
discretely graded FGM is shown in figure 2.1. Schematic composition profiles for both
types ofFGM are shown in figure 2.2.
Optimization ofthe FGM microstructure has been studied by Ravichandran (1995)
on a model nickel-alumina system. This study was based on the premise ofminimizing the
residual stresses generated after processing by adjusting the relative proportions of
ceramic and metal across the composite coating. Furthermore, the case of fully ceramic
and metal layers bounding the composite was also considered. In all, three scenarios were
proposed; the first ofa continually graded layer, the second ofa continually graded layer
with 100% ceramic and metal boundaries of 5% plate thickness, and the last with
boundaries of25% plate thickness. It was concluded from this study a graded layer of
greater than 50% ofthe total coating thickness (including 100% metal and ceramic layers)
was required in order to significantly reduce the residual stresses relative to a simple
bimaterial. In this case, the bimaterial was considered to be an alumina layer on a nickel
substrate, with each component having equal thickness. Finally, Ravichandran concluded
that a linear gradation ofthe constituents resulted in the greatest decrease in residual
stresses. However, significant decreases in residual stress can also be achieved using a
multilayered FGM consisting ofmultiple layers (typically> 11) ofconstant composition
and thickness.
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The fabrication ofFGMs has been investigated utilizing a variety ofmethods.
These FGM processing routes are typically classified as either gas phase, liquid phase, or
solid phase (Sasaki and Hirai 1991; Koizumi 1993; Hirai 1993). Several ofthe techniques
for FGM fabrication are outlined in Table I, along with the materials applied by this
system.
2.1.3 Processing and Properties of TBCs
The principle methods for the production ofTBCs frequently overlap those
outlined in Table I for the production ofFGMs. However, due to the specialized nature of
a functionally gradient coating, less intricate processes are typically employed to produce
the TBC layer. Based on this, plasma spraying (both air and low-pressure (LPPS)) and
physical vapor deposition (including EB-PVD, sputtering, and ion-plating) are the most
widely used methods to apply a TBC (Rhys-Jones and Toriz 1989; Nelson, Orenstein,
DiMascio, and Johnson 1995; Wortman et al. 1989).
While possibly the most widely used industrial technique for TBC production,
plasma spray processing has been shown to have a number of shortcomings. Berndt et al.
have summarized the major deficiencies of thermal spray, relative to the ideal'
characteristics ofthis process. Table II outlines those characteristics that are sought for
the opti.miza;tion ofthe thermal spray process. The plasma-particle interactions during
deposition have been observed to playa major role in the properties of the spray-deposited
material. Such factors as acceleration ofparticles and non-uniform particle heating prior
to impact has been found to lead to non~uniformity in the resultant coating. During
9
coating formation, the microstructure and resultant physical properties and strongly
influenced by the particle-particle interactions of the depositing "splats" and the interaction
of these splats with the substrate. These interactions are in turn controlled by
characteristics such as temperature of the splat, splat velocity, surface tension, heat
transfer coefficient, cooling rate of the splat, nucleation and growth ofcrystals, and phase
formation. All of these factors must be precisely controlled in order to produce the
desired coating microstructure. From this it can be seen that a large number ofvariables
exist which play roles in the formation ofa thermal spray coating and the resultant
properties.
In addition to serving as a thermally insulating layer, the properties ofTBCs make
them beneficial in other aspects as well. One area associated with high temperatures is
oxidation ofthe metallic substrate. In the case ofan FGM that does not contain a
sufficiently thick 100% ceramic layer, oxidation ofthe graded metal may take place near
the surface at high temperatures. For that reason, a top-coat ofyttria-stabilized zirconia
(YSZ) is usually combined with an inner alumina layer. The YSZ layer offers low thermal
conductivity and metal-like thermal expansion, while alumina has been shown effective as
an oxidation barrier. Combined, these two materials frequently are used as the top-coat
for commercial TBCs.
Important mechanical properties ofTBCs are the coating tensile strength, shear
strength, and elastic modulus. Nelson et al. (1995) has shown a correlation between the
tensile strength, elastic modulus, and reliability ofa TBC. This correlation specifies that
as these two mechanical properties increase the percent cracking in the coating decreases,
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therefore increasing the lifetime ofthe coating. This is somewhat intuitive emphasizing
that as the strength and toughness ofa material increase, the stresses required to initiate
cracking in the coating must be higher. Due to the ability ofthe material to absorb these
stresses, the expected lifetime ofthe component will be greater.
2.2 Fabrication by Electrophoretic Deposition
2.2.1 EPD Applications
The process ofelectrophoretic deposition makes it possible to deposit ceramic
coatings ofprecise thickness. In addition, surface curvature and morphology have little
effect on the deposit characteristics, meaning that deeply recessed areas can be deposited
as easily and uniformly as open surface areas. Because ceramics are also electrically
insulating materials, this process is self-correcting as areas with less coverage are also less
insulated, leading to a faster deposition rate in that area until uniformity in the coating is
reached.
Nicholson and Sarkar, and Zhang have used the process ofelectrophoretic
deposition to form SiC-TZP composites, while the Nicholson group has also produced
Zr021Ah03 micro-laminate composites.
2.2.2 Theory of EPD
2.2.2.1 Helmholtz Double Layer
When a particle is submerged in a liquid medium, ions will adsorb and leave the
particle surface. This charging is offset by ions and polar molecules residing close to the
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particle. In order to maintain charge balance, offsetting layers will form with the net result
being a neutrally charged particle. Since the bath for many metal-oxide ceramics is non-
aqueous (Zhang, Haung, and Jiang 1994; Tanabe et al. 1991; El-Jazair~ White, and
Roberts 1977; Koura, Tsukamoto, Shoji, and Hotta 1995; Gani 1994; Kennedy and Foissy
1975), ions are generally not present. Therefore, when water is not used as the solvent or
part of the solvent, the charged layers that form around a ceramic particle are primarily
due to the polarity of the solvent molecules. When water is present in the bath, a number
ofreactions are possible with organic molecules creating ions. For example, it has been
proposed that the acetone molecule will produce both an It and r ion in the presence of
H20 and lz (Koura et al. 1995). While water dissociates by hydrolysis as shown in
equation (2), dissociation reaction for organic solvents are more complicated. Examples
ofthese reactions are shown in figure 2.3. A diagram showing the double layer formation
around a ceramic particle is shown in figure 2.4. The two layers that form are referred to
as the Inner Helmholtz layer and the outer diffuse layer (lyosphere). The Inner Helmholtz
layer is thin compared to the outer diffuse layer and possesses a strong electrostatic bond
with the particle. Because the Inner Helmholtz layer takes on a charge opposite to that of
the particle surface, this layer in turn attracts a third layer. This final layer, the outer
diffuse layer experiences less attractive forces than the inner layer, and is therefore thicker
and can be distorted upon application ofan external magnetic field.
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2.2.2.2 Zeta Potential
The zeta potential ofa dispersed phase in a dispersion medium has been described
as the potential between the outer diffuse layer and the medium due to the distortion ofthe
double layer (Andrews, Collins, Cornish, and Dracass 1969). Figure 2.4 shows a ceramic
particle with its corresponding double layer for both an aqueous and non-aqueous system.
Figure 2.5 shows the resulting distortion ofthe double layer due to the application of an
electrical potential. Because the outer diffuse layer has a weak electrostatic bond with the
inner layer, this layer is easily distorted and pulled apart due to the migration ofions and
polar molecules to the oppositely charged anode. By modeling the interface between the
dispersed phase and the dispersant as a capacitor, the mobility ofparticles can be obtained
by the following relationship
j.L = l;I)E/41t11 (1)
where j.L is the resulting velocity due to a potential gradient ofE volts/em (Andrews et a1.
1969).
D = Dielectric constant ofdispersion medium
S= Zeta potential
11 = Coefficient ofviscosity ofthe dispersion medium
Experimental data has shown mobility values for numerous sol particles to fall in the range
of2-4*10-4 em/sec (Freundlich 1948).
The zeta potential that exists for oxide particles in a dispersant gives rise to
stability ofthis dispersion. Because all particles ofthe same chemistry have the same sign
fors, they repel each other. The magnitude ofthis repulsion increases with increasing
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value for S, thus overpowering the attractive forces between particles present due to
London-van der Waals (LVDW) forces (Nicholson and Sarkar 1995).
Koura et al. have performed studies ofthe effect ofboth pH and the
electronegativity ofthe metal ion on zeta potential. Figures 2.6 and 2.7 show the results
ofthis study. For yttrium barrium cuprate (YBCO (YBa2Cu307-y» and barrium titanate
(BT (BaTi03»the zeta potential values were found to be positive, suggesting that in the
case ofmetal-oxide ceramics, the presence ofI-r ions in solution must be absorbed to the
surface ofa metal-oxide particle.
To test the previous results which suggested that hydrogen ions absorbed to metal-
oxide ceramic particles, the relationship between electronegativity ofthe metal and
corresponding zeta potential was studied. From this it was found that Sdecreased with
increasing electronegativity for oxide particles dispersed in acetone. This was rationalized
by the fact that the charge density ofoxygen at the oxide surface has been shown to
decrease with increasing electronegativity (Tanaka 1967). As the density ofoxygen at the
particle surface decreases, there exists less electrostatic attraction for the free hydrogen
ion (Tokuoka, Kishi, and Nagai 1974; Tanaka 1970; Tanabe 1970).
2.2.2.3 Solvent and Chemical Additive Effects
A number of studies have been conducted to determine the effect ofvarious
solvents and chemical additives on the zeta potential and corresponding electrophoretic
mobility ofceramic particles. Solvents have also been classified based on their ability to
facilitate uniform deposits that adhere to the substrate. The obvious first consideration is
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(2)
the selection ofan aqueous or non-aqueous suspension bath. Aqueous baths are
advantageous in that the dissociation ofwater is an abundant source ofanions and cations
for the formation ofthe previously mentioned Helmholtz double layer.
HzO +~ Hz + 12 Oz
The primary problem associated with aqueous baths has traditionally been the formation of
gas bubbles at the deposition electrode due to the electrolysis ofwater. The result ofgas
bubble formation is that the bubbles get trapped in the cast during deposition, creating
additional porosity. A solution to this problem was proposed by Ryan and Massoud who
used a cement/graphite mixture for the anode. The penetration ofwater into this type of
mould was found to be minimal. A second problem found when using aqueous baths was
galvanic attack ofmetallic electrodes, which leads to deterioration ofthe mould. This
problem is most frequently found in slip casting by electrophoretic deposition, in which
case the deterioration ofa copper or iron electrode leads to discoloration ofthe slip.
Mihailescu et al. studied and classified numerous anode materials for their resistance to
galvanic attack and ease ofslip removal during deposition ofclay. Based on this study,
zinc was found to be the most desirable type ofanode. The results ofthis study are shown
in Table III.
Due to the fact that the majority ofelectrophoretic deposition takes place from
non-aqueous suspension baths, a significant amount ofresearch has been devoted to the
determination ofthe correct combination and ratio ofsolvents. The trade off for using
non-aqueous suspensions is the relatively low dielectric constants oforganic liquids
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compared to water, as can be seen in Table IV. For this reason, significantly higher
deposition voltages must be used when depositing from a non-aqueous system.
Hamaker and Verwey have studied the formation of stable suspenions in organic
media and the role ofparticle size. To form stable suspensions, Hammaker used a ball mill
to grind the ceramic particles while in suspension. However, it was noted that excess
grinding could lead to the production ofparticles that were to fine, thus causing cracking
in thick deposits. A more efficient method was therefore proposed which involved the
addition ofmaterials to the bath that would adsorb to the particle surface. This adsorbtion
can either reduce the attractive forces between particles or create a charge on the particles
sufficient to repel other particles (electrostatic stabilization).
The production ofthin-walled tubes of p-alumina (0.03-0.1 cm thick) has been
studied by Kennedy and Foissy. The primary solvent chosen was dichloromethane with
small additions of trichloroacetic acid. The acid has been added for the purpose ofparticle
charging, in which case a negative overall particle charge is generated. The authors have
proposed three possible mechanisms for charge generation under these conditions: (1) an
unequal transfer ofpositive or negative ions from the surface ofthe solid to the liquid; (2)
a preferential adsorption ofions on the solid particles from the liquid medium; and (3) an
orientation ofdipolar molecules present on the surface ofthe solid particle.
Further studies ofcharge generation and dispersion ofceramic particles was
performed by Fowkes. The author studied the charge mechanisms for both aqueous and
non-aqueous systems. As reported previously, the mechanism ofcharging for aqueous
baths involves the dissociation ofthe ionizable species in water followed by preferential
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adsorption ofeither the cation or anion to the surface ofthe particle. For non-aqueous
baths this process is reversed. First, Lewis acids are adsorbed to the basic sites on the
particle surface. Next, the adsorbed molecules dissociate by transferring hydrogen ions to
the basic surface sites, followed by desorption ofthe molecule into the solution. The
resulting zeta potential measurements are a function ofthe acidity or basicity ofthe
particle surface sites. Inorganic particles with basic surface sites provide positive zeta
potentials when dispersed in acidic mediums. Particles with acidic surface sites show
positive zeta potentials when dispersed in basic solvents.
Nicholson et al. have produced ZrOz-based composites by electrophoretic
deposition from an ethanol suspension bath. In order to minimize particle interactions and
subsequent agglomeration, the solid concentration is kept very low « 3 v/o). An ethanol
bath was also used by Andrews et al. for the deposition ofalumina. A number ofadditives
were added to the bath for the purpose ofparticle charging, but the most successful
system was with the following ratios:
Alumina (900 grade)
Ethanol (absolute)
Water
Dewaxed shellac, 5% w/v in ethanol
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200 g
380mL
1 mL
20mL
The dewaxed shellac is an alcohol-soluble binder, which provides green-body strength and
also enhances the deposition rate. The addition of a small amount ofwater was found to
produce a smooth, uniform deposition surface.
Shane et al. have studied the electrophoretic deposition ofphosphors for the
application ofa thin layer ofluminescent material for the manufacture ofcathode ray
tubes. Phosphore particle sizes ofthe range of 1-10 /lm are used, and are suspended in a
bath ofisopropyl alcohol containing magnesium nitrate (Mg(N03)2). The nitrate salts are
used to give the suspended particles an overall positive charge. Shane has reported that
during deposition, both phosphor and hydroxide are deposited onto the cathode. The
hydroxides arise from the electrochemical reduction ofthe trace amounts ofwater present
in the isopropyl alcoho~ and proceeds according to the following reactions:
2H20 + 2e" + -+ H2(g) + 20H"
MgN03+ + 20If +-+ Mg(OH)2(s) + N03'
(3)
(4)
In this system, the hydroxide formation is actually beneficial as its acts to "cement" the
particles thus helping particle adhesion.
Some ofthe most detailed work on the roles ofvarious solvents has been
performed by Tanabe et al. The solvent system used by this group contains mixtures of
alcohols, ketones, and small amounts ofnitrocellulose, for the dispersion and deposition of
YSZ. According to this study, the use ofonly alcohols or acetone produces a stable
suspension, but the film adhesion and uniformity are both poor. Alcohols, specifically
methanol, are effective for producing stable suspensions and smooth deposits. Hexanol
(hexyl alcohol) is good for producing coatings ofuniform thickness. Therefore, a
18
combination ofthese alcohols produces a coating that is both smooth and uniformly thick.
Small amounts ofnitrocellulose is added to prevent cracking in the green state. Finally,
ketones are added to dissolve nitrocellulose and dissolve solid electrolytes and alcohols.
Acetone also helps produce uniform coatings and well as add stability to the deposited
film upon removal from the suspension bath. Methylisobutylketone provides good deposit
adhesion. Table V shows the optimum conditions for electrophoresis as determined by
this group.
2.2.3 Electrophoretic Processing
2.2.3.1 Materials and Equipment
The selection ofan appropriate solvent-system has been discussed in the previous
system. With few exceptions, the same solvent system will work with similar types of
particles. For example ethanol,and combinations ofsolvents including ethanol, is
commonly used for oxide ceramics (Ah03, Zr02, Si02). In addition, the use ofalcohol"
ketone mixtures has also been shown to be effective on these ceramics. The solvent
system is most often chosen based on the application rather than the specific material.
The primary advantage to electrophoretic processing is the minimal amount of
equipment needed to generate a deposit. For the simplest case, only the ceramic powder
dispersed in a liquid medium, two electrodes, and a power supply are needed. This simple
setup is shown by Zhang et al. and can be seen in figure 2.8. A more sophisticated setup
was shown by Tanabe et al. which includes an ultrasonic wave generator to assist in
particle dispersion. This is shown in figure 2.9. In the majority ofthese cases, the only
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deviations from this standard type ofexperimental setup will occur due to specific
requirements ofthe process. These requirements would range from controlled heating to
fluid re-circulation.
2.2.3.2 Electrophoretic Deposition
Due to the zeta potential that exists at each respective particle's surface while in
solution, particle mobility is possible under an applied electrical field. As the charged
particles approach the electrode, an electrode reaction model has been proposed by Koura
et al. to explain the deposition process. This model is based on an aqueous system where
the particles are charged by the adsorbtion oflt ions. For a non-aqueous system, the
model would be similar except that polar molecules and ions would take the place of the
hydrogen ions.
As the electrified oxide particle approaches and strikes the electrode, it will attach
itselfelectrostatically. At this point, the adsorbed It ions on the particle diffuse to the
surface ofthe cathode substrate through any small pores in the film. Based on the
concentration and voltage gradient, the It ion will then undergo an electrochemical
reduction to form binary H2 and subsequently discharge as H2 gas. This process is
repeated as more particles deposit, and the escaping H2 gas contributes to the previously
mentioned porosity found in coating produced from an aqueous system. This process is
shown schematically in figure 2.10.
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2.2.3.3 Post Deposition Processing
Immediately following the deposition ofa film by electrophoresis, proper drying
precautions must be taken. For the case ofslip casting as demonstrated by Andrews et al.,
drying is fairly easy as both the inside and outside surface dry simultaneously. However,
for coatings it is important that the drying rate of the outer surface be sufficiently slow to
prevent crack formation. Clark et al. have used a controlled humidity drying chamber
where the deposited sample was suspended at controlled temperature for 72 hours. By
using this or a similar controlled drying process and allowing uniform drying to occur,
cracking can be avoided.
Following the drying ofthe deposit, further processing is frequently required to
reach the final product. To give the green structure greater durability an annealing step
usually proceeds deposition. Annealing conditions are determined by the deposited
material, thickness, and requirements of the final product. Kennedy and Foissy report
annealing temperatures of 1700°C for 1.5-5 hours for ~-alumina tubes. However, in the
case ofa coating on a metallic substrate the annealing temperature is therefore limited by
the melting temperature of the substrate. For commercial superalloys, annealing
temperatures over ~11OO°C will lead to softening and possibly melting of the substrate.
2.3 Property Characterization of Electrophoretically Deposited Coatings
2.3.1 Microhardness Testing
Mechanical properties ofceramic bodies are most commonly characterized by
microhardness measurements, with bending techniques sometimes used for laminates.
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Through the use ofmicroindentation techniques the hardness, and corresponding density,
along with induced crack propagation behavior can be determined.
Nicholson et al. have studied methods to increase the elevated temperature
strength and toughness ofZr02-based ceramic composites. Due to the decrease in
mechanical properties ofZr02 at elevated temperatures compared to room temperature, a
composite can be used to increase the elevated temperature toughness ofthe coating. The
corresponding mechanical properties were evaluated by Vickers and Knoop indentation.
A composite was created consisting oflayers ofAh03 and MgOlMgAh,04. It has been
shown that the multilayered composite shows an increase in toughness, compared to
toughness values Zr02 alone.
2.3.2 Elevated Temperature Testing
Fayeulle et al. have used electrophoretic deposition to deposit a MCrAlY bond
coat onto nickel-based superalloy for thermal barrier applications. The composition ofthe
powder used was 74.2% Ni, 21% Cr, 8.5% Al, 5.7% Ta, and 0.6% Y with a particle size
range of44-74J.lm. An 8 wt.% YSZ layer was deposited on top ofthe MCrAlY layer by
air plasma spray. The average thickness ofthe coating was 500J.lm, with a 200J.lrn
MCrAlY bond coat and 300J.lm YSZ top-coat.
Elevated temperature performance ofthis TBC was evaluated by thermal cycling.
Cycles consisted of8 minutes at 11 OO°C followed by a 2 minute rapid cooling to room
temperature. Figure 2.11 shows the temperature profile for this testing. Identical testing
was performed on samples prepared fully by air plasma spray, with identical materials and
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layer thickness. The samples prepared using electrophoretic deposition were found to
exhibit superficial cracking only after 2000 cycles, and spallation after 2800 cycles. The
samples prepared fully by plasma spray showed surface cracking after 700 cycles, and
spallation at 800 cycles. One proposed explanation for this behavior was a significant
reduction in residual stresses in the bond coat for the electrophoretically processed
samples. In addition, the pegging and insulation effects of the cellular structure produced
by electrophoretic deposition are believed to improve thermal shock resistance. Figure
2.12 summarizes the test results for both samples.
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3.0 EXPERIMENTAL PROCEDURE
3.1 Electrochemical Plating
Electroplating is a low-voltage, high-current process which entails passing a
current through an electrolytic solution which results in the deposition ofa metal. The
system chosen for thermal barrier applications was that ofaluminum and alumina in a
nickel matrix. The process parameters and procedure for creating composite coatings of
Ni-Al-Ah03 have been summarized (Barmak, Banovic, Petronis, Susan, and Marder
1997).
For all plating experiments, Kepco Bipolar Operational Power Supplies (model
BOP 20-20D, 400W) were used. The power supplies were interfaced with an IBM
compatible computer using a GPIB-IEEE 4882 digital interface card and were controlled
using National Instruments' Lab View for Windows (version 3.0.1).
Electrodes used as substrates for plating were commercially pure Ni 200 plate
purchased from Williams and Co., Inc. The annealed sheet was ofthe following
composition: 99.61% Ni, 0.24% Mn, 0.001% S, 0.01% Cu, 0.01% C, 0.10% Fe, and
0.03% Si. A sulphamate bath based on that used by Guglielmi (1972) was used for all
plating experiments with 400 gil nickel sulphamate tetrahydrate (Ni(NH2S03)2.4H20), 30
gil boric acid powder (H3B03), 5 gil nickel (II) chloride hexahydrate (NiCh.6H20), 0.5
gil sodium lauryl sulphate (also known as sodium dodecyl sulphate,
(CH3(CH2)lOCH20S03Na)), and 0.1 gil Coumarin (C6ILOCOCHCH). Electrolyte pH
was adjusted using either sulfuric acid (H2S04) or aqueous ammonia (NlLOH). The pH
ofthe plating bath was adjusted to 4.0 ± 0.2. Using a recirculating water bath, the
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temperature ofthe system was maintained at 50 ± 2°C. Electrolytes containing
particulates were pretreated with either a Fisher Sonic Dismembrator (model 300) or a
programmable Virtis illtrasonic Cell Disruptor (model 550). During plating, the bath was
mechanically stirred using a teflon-coated magnetic stirrer spinning at 400 rpm.
Deposition times were varied to create coatings ofa desired thickness based on a range of
current densities, 0.5 - 25 AJdm2 (5-250 mA/cm2).
AKP-15 a-alumina (Ah03) powder, with average particle size 0.6-0.8 ~m, was
purchased from Sumitomo Chemical Company, Ltd. This powder was certified 99.99%
pure with cation impurity levels ofmaximum 25 ppm Si, 19 ppm Fe, 9 ppm Na, 4 ppm
Mg, and 1 ppm Cu. Aluminum powder, 99.4% pure with a particle size range of1-4 ~m,
was purchased from Alcan Powders and Pigments.
Prior to electroplating, anodes were cut to approximately 40 rom x 20 rom x 2 mm.
The back and sides ofthe anodes were masked with electrically insulating paint. Cathodes
were cut to approximately 20 rom x 20 rom x 2 rom, and a piece ofinsulated copper wire
was tack-welded to the back ofthe cathode for electrical contact, followed by cold
mounting in epoxy resin. Following mounting, the substrates were ground and polished to
a final step of0.05 ~m colloidal Si02• Immediately prior to plating, electrodes were
etched with 10% sulphuric acid in de-ionized water for 30 seconds and placed in the
electrolyte. The surface preparation procedure was based on ASTM B343-92. Following
deposition, the samples were cross-sectioned, mounted, ground and polished using the
same polishing procedure as previously described.
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For annealing experiments, samples were encapsulated in quartz ampoules back-
filled with argon to approximately 13.3 Pa (100 mtorr) in order to prevent oxidation.
Samples were annealed at 635, 800, and 1000°C for 1, 10, and 100 hours, removed from
the furnace and allowed to air cool in the capsule.
Characterization ofthe coatings was performed using a variety of light optical
techniques. For coating thickness measurements, a Nikon Optiphot light optical
microscope equipped with a digitizing pad and Donsanto Corp. DSC Micro Plan II
software was used. Microstructure characterization was performed using a Reichert-Jung
MeF3 microscope in addition to scanning electron microscopy (SEM) in an ETEC
Autoscan microscope. Nomarski differential interference contrast or etching in Keller's
reagent was used to enhance the visibility ofAI particles for optical microscopy. To
reveal the Ni grain structure, samples were etched with a mixture containing 25% water,
25% acetic acid (CH3COOH), and 50% nitric acid (HN03). Particle volume percent was
measured using quantitative image analysis ofa LECO 2001 Image Analysis System and
verified through interparticle spacing as described by Schoutens and Tempo (1982).
3.2 Preparation of Ceramic Powders for Deposition
3.2.1 Deposition Bath
The electrophoretic deposition bath was chosen based on the work reported by
Tanabe et al. (1991). Table VI outlines the solvent system in addition to the remaining
parameters for EPD experiments, for both the deposition ofRBMO and YSZ. All
solvents used were commercial grade and purchased from VWR Scientific. Zirconia
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powder chosen for EPD was 8 molar yttria-stabilized zirconia (TZ-8Y) purchased from
TOSOY. Using the solvent ratios proposed in Table V, 180 mL of solvent was prepared
at room temperature, to which 30 g ofZr02 was added.
3.2.2 Ball Milling
In order to help in building surface charge on the ceramic particles, create a stable
dispersion, and reduce average particle size, 60 zirconia balls ofdiameter of 1 cm were
added to the solvent powder mixture. This mixture is then place in 250 mL polypropylene
jars and placed on a ball mill rotating at 40 rpm. Following milling for approximately 20
hours, the jars is removed and immediately prepared for deposition. This transfer must be
made rapidly or the dispersed particles may begin to agglomerate.
3.3 Deposition of Ceramic Coatings
3.3.1 Experimental Setup and Procedure
Figures 3.1 and 3.2 show the experimental setup for the electrophoretically
deposited samples. The anode and cathode were attached to a Kepco Bipolar Hi-Voltage
Power Supply (model BOP 1000 M). Timing was performed using a simple digital
stopwatch.
For all deposition experiments, the cathode was ofthe same Ni 200 sheet used for
EDEP experiments. The anode selected was an insulated copper wire with only the very
tip having the insulation removed. This was selected based on its ability to act as a "point
source" for creating an electrical potential. Deposition waS performed on either as-
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received Ni 200 cut to 20 mm x 40 mm x 2mm, or on samples that were previously coated
with an electrodeposited layer. For deposition on as-received Ni, no surface grinding or
polishing was required. Due to the mechanical bonding nature ofthe ceramic coatings to
the substrate, any surface preparation ofthe substrate would lead to a decrease in
mechanical bond strength.
In order to maintain stability of the powder-solvent system after ball milling, the
zirconia balls were removed and the system was poured into a 500 mL polypropylene
beaker. To this beaker a teflon coated magnetic stir bar was added and the beaker was
then placed on a Corning magnetic stir plate in order to keep the particles in suspension.
Once the appropriate voltage has been selected and set on the power supply, the anode
and cathode were submerged into the deposition bath prior to application ofthe electrical
potential. The power supply was then turned on simultaneously with the start ofthe
digital clock, and stopped following the desired deposition time.
RBAO is the first layer electrophoretically deposited. In order to deposit a layer of
approximately 25 pm on an electrodeposited substrate, a 100 V potential is created
between the electrodes for 4-5 seconds. The sample is then removed from the deposition
bath, allowed to air dry, and a low-temperature annealing step is performed, which will be
described later in detail. Using this sample as the next substrate, an YSZ top coat is
deposited. In this case, a potential of 150 V is used with a deposition time of 15 seconds.
An increase in the deposition time is required for the deposition ofYSZ on a multilayer
TBC relative to an uncoated Ni substrate due to a decrease in electric conductivity from
the outer Ni-Al-Ah03 layer and RBAO layer. After the electrophoretic deposition ofeach
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outer ceramic layer, the coated substrate is slowly removed from the deposition bath and
allowed to dry.
3.3.2 Electrophoretic Deposition Process Parameters
The electrophoretic deposition process has several parameters which must be
identified in order to produce viable and reproducible coatings. These variables have been
identified and subsequently optimized through repetitive experimentation. Among the
variables identified are: composition ofdeposition bath, geometry ofthe cathode and
anode, hydrodynamic conditions near the cathode surface, electrical potential, particle
size, amount ofparticles in bath, and deposition time. Again, these parameters are shown
in Table VI.
3.4 Drying and Annealing of Coatings
3.4.1 Drying Techniques
Following removal ofthe coated substrate from the deposition bath, proper drying
techniques must be followed to control the drying rate ofthe coating. In order to control
the drying rate, a controlled drying chamber was conStructed. This apparatus creates a
vapor rich region around the sample, effectively reducing the moisture gradient between
the sample and its surroundings. A suitable environment is created by filling a 250 mL
polypropylene beaker with approximately 25 mL ofthe solvent mixture and covering the
beaker with a cardboard lit, from which the sample is suspended. A schematic ofthis
apparatus is shown in figure 3.3. By reducing the magnitude ofthe moisture gradient, the
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stresses associated with the drying process can be reduced enough to prevent the sample
from cracking. Drying has also been preformed in open air, for those samples sufficiently
thin that the stresses that arise during drying are minimal.
3.4.2 Pre-Annealing of Coatings
The interface that exists between an as-deposited ceramic coating and the metallic
substrate has been shown to be relatively weak, with the only bonding being mechanical.
In order to increase the strength ofthe interface between these layers, a low-temperature
annealing step has been introduced. For the case ofelectrochemically processed TBCs,
the interface in question is that between the outer Ni-Al-Ah03 electrodeposited layer and
the RBAO electrophoretically deposited layer.
Starting with a substrate which has two electrodeposited Ni-Al-Al20 3Iayers,
RBAO is electrophoretically deposited and allowed to air dry. Once dry, the sample is
placed in an annealing furnace and heated at 3°C/min to 400°C, held for 10 minutes, and
cooled back to room temperature at 5°C/min. This annealing temperature permits
diffusion between the two layers, yet is low enough that only nominal oxidation ofeither
the RBAO or substrate occurs.
3.4.2 Final THC Annealing
The :final annealing step for an electrochemically processed TBC is performed
following the electrophoretic deposition ofthe YSZ top-coat. This annealing step serves
to both sinter the outer ceramic layers and oxidize the RBAO layer.
30
After the YSZ layer is permitted to dry in a controlled drying chamber, the mc is
placed in a standard box furnace under normal atmosphere. In order to oxidize the RBAO
layer without causing coating failure, slow heating and cooling rates of 1°C/min are
required. Therefore, the sample is heated at this rate to 1100°C, held for 3 hours, and
cooled to room temperature at the same rate.
3.5 Microscopy
Microstructure ofall electrochemically processed coatings was characterized by
both light optical microscopy (LaM) and scanning electron microscopy (SEM). LaM
involved the use ofa Zeiss Axiornat Inverted Light Microscope and the Reichert Jung
MeF3 microscope. SEM was performed on both an ETEC Autoscan Microscope operated
at 20 kV, Electroscan 2020 Environmental Scanning Electron Microscope (ESEM), and
JEOL 6300F Field Emission Scanning Electron Microscope.
3.6 Coating Characterization Techniques
3.6.1 Coating Thickness
Thickness measurements for electrophoretically deposited coatings have been
determined to yield information regarding the deposition rate for this process. In order to
obtain an accurate measurement of the coating thickness, two types ofequipment were
utilized. The first method by which thickness was measured was by using a Tencor P-2
Profiler. Thickness was measured in this case by a needle which measures changes in
elevation during a trace across the coated sample. This method was primarily used for
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substrates that were coated only with a single ceramic layer. To ensure accuracy in the
measurements, areas ofthe coating were scraped away so that the trace would initiate and
finish at a point on the substrate.
The second method by which coating thicknesses were measured was through the
use ofa digitizing pad. This method was used for full TBCs that had been mounted and
cross-sectioned. The advantage to this method is that multiple layers can be viewed and
subsequently measured at the same time. However, only a two dimensional area ofthe
sample can be seen, therefore giving no information relating to uniformity ofthe coating in
three dimensions.
3.6.2 Green Density Measurements
Basic mass and volume measurements were made ofthe as-deposited ceramic
coatings to determine the density ofthe as-deposited or "green" coating. Coating mass
was determined by taking mass measurement ofthe clean substrate before deposition, and
then noting the increase in mass following deposition ofthe ceramic layer. Mass was
measured on a Mettler PM 400 analytical balance. Coating volume was determined by
measuring the area of the substrate covered by the ceramic coating. In order to evenly
coat the entire substrate, a system ofthree parallel electrodes was used with two anodes
surrounding a central cathode. This setup can be seen in Figure 3.4. After determining
coating area, the measurement was extended to three dimensions by measuring coating
thickness using the previously mentioned profilometer. The density ofthe as-deposited
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coating was then measured over a range ofvoltages to observe any change in density due
to a variation in deposition rate.
3.6.3 Interfacial Evaluation of TBCs
The primary concern regarding the interface between the electrodeposited Ni-Al-
Alz0 3 layers and the electrophoretically deposited RBAO and ZrOz layers is the formation
ofoxide layers during the TBC processing steps. To characterize this interface, TBC
samples were epoxy mounted and cross-sectioned. To visualize the Ni-grain structure, the
previously mentioned acetic-nitric etchant was used for 4-8 seconds at room temperature.
3.7 Elevated Temperature Evaluation ofTBCs
3.7.1 Oxidation
An oxidation study ofboth the electrodeposited layers and the full TBC has been
performed to determine the resistance ofthe respective layers to oxidative attack. Using
six electrochemically processed TBCs, samples were placed in a standard box furnace and
heated to 1000°C. One sample was then removed at the following time intervals: 5
hours, 10 hours, 25 hours, 50 hours, and 100 hours. These samples were then cross-
sectioned and observed for oxide growth at the Ni-Al-Alz0 3 - RBAO interface. The oxide
growth was characterized by the length ofoxide fingers that extended into the
electrodeposited layers. A total ofsix samples were studied, with one sample not exposed
to any elevated temperature treatment beyond the final sintering step.
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3.7.2 Furnace Thermal Cycling
In order to evaluate the electrochemically processed TBCs agaiDst those which are
currently used commercially, one dozen air-plasma spray samples were obtained from
Westinghouse. For comparative testing ofthe two types of samples and also to evaluate
the thermal shock resistance ofeach type of sample, three of each type of sample were
again placed in a box furnace. For this test, the furnace was pre-heated to 1050°C and the
samples were put in the furnace at temperature. The samples were kept at this
temperature for 23 hours, removed from the furnace and allowed to cool to room
temperature for 1 hour, and then placed back in the furnace at 1050°C. The purpose of
this test was to subject the samples to a rapid heating and cooling cycle and evaluate the
resistance ofeach sample to such cycling.
3.7.3 Measurement of Insulative Capacity of Coating
The:final elevated temperature test performed on both the Westinghouse samples
and the electrochemically processed samples was a thermal conductivity study. This test
was implemented to determine the insulative effect ofeach respective coating. This was
accomplished by applying a heat source to the coated surface ofeach sample. By
measuring the temperature at the surface ofthe sample, along with the temperature on the
back ofthe sample that was not coated, it was possible to estimate the temperature
reduction achieved by the coating.
Figure 3.5 shows a schematic of the apparatus for measurement ofthe insulative
capacity ofeach coating. For this testing, an oxygen-acetylene flame was used to generate
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top-side temperatures in the range of 1000°C. Thermocouples were then placed at the
point where the flame heated the sample in addition to the uncoated back side ofthe
sample. Insulation values were recorded when the top and bottom side temperature
readings stabilized.
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4.0 RESULTS AND DISCUSSION
4.1 Model Electrochemically Processed TBC
A model TBC has been proposed based on the previously mentioned requirements
for a viable high-temperature coating. Those requirements that must be satisfied by any
TBC include the effective reduction oftemperature through the coating and protection of
the substrate material from oxidative attack. By incorporating electrochemical and
electrophoretic deposition, in addition to the RBMO process, a TBC consisting ofseveral
electrochemically deposited composite layers, an oxidation resistant RBAO layer, and a
thermally resistant YSZ layer was proposed. A schematic ofthis proposed TBC can be
seen in figure 4.1.
The three electrochemically deposited Ni, Ni-Al, and Ni-AI-Ah03 layers stem from
the original FGM concept. By gradually introducing Ah03 into the TBC through the Ni-
AI matrix, the stresses associated with a discrete metal-ceramic interface can be greatly
reduced. Meanwhile, the incorporation ofAl20 3in the coating serves as a barrier to
oxygen diffusion. The presence of AI in the outer EDEP layer also contributes to
oxidation resistance by the addition formation ofAI203 during high temperature oxidation.
The oxidation ofthe EDEP layers will be discussed in greater detail in section 4.3.4.1.
The electrophoretically deposited RBAO layer is desirable for this application due
to its metal-ceramic nature prior to oxidation, and its 100% ceramic nature following
oxidation. During the oxidation ofRBAO, this layer maintains its net shape making it
possible to deposit a second ceramic layer on top ofthe RBAO layer. In contrast, fully
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ceramic or metal layers will shrink or expand during elevated temperature treatment,
causing stresses between the material and any coating. Following oxidation, this layer
provides oxidation resistance due to its 90% Ah03-1 0% ZrOz composition.
The outer ZrOz electrophoretically deposited layer provides the majority of the
thermal protection. Due to its very low thermal conductivity, YSZ is frequently used for
THC applications.
4.1.1 Synthesis of an Electrochemically Processed TBC
The production ofthe electrochemically processed THC was completed in two
phases. The first phase involved the development ofthe electrodeposition process and its
subsequent application to the deposition ofan Ah03 rich, graded Ni-Al matrix. The
development and characterization ofthis process has been discussed by Banovic (1995),
Susan (1995), and Petronis (1996).
The second phase in the production ofthe electrochemically processed THC
involved development and application ofthe electrophoretic deposition process utilized to
deposit the outer ceramic layers. The development ofthis process will be discussed in
greater detail in the upcoming sections.
4.2 As-Deposited Ceramic Coatings
4.2.1 Effect of Applied Voltage on Coating Properties
A detailed study has been performed to evaluate the effect ofthe applied voltage
used during deposition on the resulting properties of the deposited ceramic coating. For
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all tests, the results reported refer to the deposition ofYSZ on a previously uncoated
nickel substrate, unless otherwise specified.
4.2.1.1 Deposition Rate
The effect of the applied voltage on the deposition rate ofYSZ has been observed.
To determine the deposition rate of this coating process, the experimental setup was
modified slightly in order to deposit on both sides ofa nickel substrate. The coating of
both sides was necessary to create a symmetrical deposit for which volume and mass
measurements could easily be made. To accomplish this, a dual anode configuration was
used which has been previously shown schematically in Figure 3.4. Using this
configuration, it was possible to deposit equal, uniform coatings on both sides of the
substrate.
Following deposition ofthe ceramic layer at a given voltage potential and time and
the controlled drying ofthis layer, the coating area and mass change ofthe substrate due
to the coating was measured. Coating area was determined by measurement of the
coating dimensions including width and height. This value reflects the amount ofceramic
deposited per unit area, and was subsequently divided by the deposition time to give a
value for the deposition rate in units ofgrams per square mm per minute. The results of
this study are shown graphically in Figure 4.2, and the corresponding data is given in
Table VII. From Figure 4.2, it can be seen that the deposition rate varies linearly with
applied voltage over a range ofvoltages from 50 to 200 volts. Based on the direct
relationship between applied voltage and deposition rate, results based on voltage
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potential will now be related to deposition rate. However, deposition conditions will still
be described in terms ofapplied voltage.
4.2.1.2 Coating Thickness
In order to further determine the potential of the EPD process, it was speculated
that coatings of identical thickness could be deposited using different applied voltages by
varying the deposition time. This was supported by the observation that deposition rate
varied linearly as a function ofapplied voltage. Given that the deposition rate was greater
for higher applied voltages, it was predicted that it would take less time to deposit a 25flm
thick coating at a voltage potential of 150V than at 50V.
To determine the range ofvoltages and deposition times for which coatings of
similar thicknesses could be deposited, a voltage versus time plot for the deposition of
YSZ on an uncoated nickel substrate was proposed. This plot is shown in figure 4.3.
Following experimental verification where samples were deposited based on points found
on the plot shown in figure 4.3, it was determined that those conditions would yield
coatings ranging in thickness from 27 - 60flm. Table VIII shows this data along with
addition trials performed later during green density calculations. A similar study was
performed by Tanabe et al. for an identical system. Figure 4.4 shows the results generated
by Tanabe for the relationship between voltage and deposition amount. While this study
focuses primarily on higher electrical potentials, it was concluded that deposition amount
and voltage potential are proportional up to 400V. Above 400V, it was shown that
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rapid drying caused the severe cracking seen in this micrograph. For comparison, figure
4.10 shows another YSZ sample deposited at 150V for 5 seconds, dried in a controlled
humidity chamber. While some spallation is seen around the edges ofthe sample,the
remaining surface is free ofmacrocracking.
In order to identify ifcontrolled drying was sufficient to eliminate macrocracking
regardless ofsample thickness, a number ofsamples were deposited for time periods in the
range of 10-60 seconds. In every case, sample cracking took place regardless of the
drying technique incorporated. Furthermore, samples deposited over a range of 5-60
seconds that did not use controlled drying were all observed to crack almost immediately
following removal from the deposition bath.
4.2.3 Microstructure of As-Deposited Coatings
4.2.3.1 Cross-Sectional Microstructure of RBAO / ZrOz
Figure 4.11 shows an SEM micrograph ofthe cross-sectional microstructure ofthe
RBAO/ySZ interface. For this image, the dual layer has spalled from the substrate
following deposition ofthe YSZ layer. The RBAO layer was deposited at 100V for 5
seconds and the YSZ layer 150V for 15 seconds. The interface can be seen to be very
uniform with the respective layers appearing lighter or darker due to atomic number
contrast observed in SEM images. In this case, the larger atomic number ofzirconium
(40) than aluminum (13) results in that layer appearing brighter. The microstructure ofthe
layers at this point is that ofagglomerated sub-micron sized particles forming the body of
this layer. The particle size seen in the agglomerates is consistent with the size ofthe
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particles in the deposition bath, which has been measured by light scattering techniques to
be ofthe size ofO.1j.lm. However, while the particles maintain repulsive forces while in
solution, during deposition they overcome their repulsive forces and agglomerate together
to form the layer.
4.2.3.2 Coating Surface Morphology of ZrOz
As mentioned previously, the surface morphology ofthe outer ZrOzlayer was
found to vary upon changes in the deposition rate. The difference in morphology can be
seen in Figures 4.5 and 4.6. Figure 4.12 shows the surface morphology ofan YSZ layer
deposited at a potential of 150V for 5 seconds. In each subsequent micrograph in which
higher magnifications are shown, it can be seen that the surface features are similar to
those features observed in the cross-sectional micrographs. In both cases, the
microstructure is composed ofagglomerated masses ofparticles that form a uniform but
microstructurally course structure.
4.3 Heat Treated Ceramic Coatings
4.3.1 Annealing Routes
In order to both encourage chemical bonding between the electrodeposited and
electrophoretically deposited layers and sinter the outer ceramic layers, selection of
appropriate annealing route was essential. To accomplish both objectives, two separate
annealing steps were performed for the heat treatment ofthe full TBC. In both cases,
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selection ofappropriate heating and cooling rates, in addition to final annealing
temperature were critical to prevent coating failure.
4.3.1.1 Critical Heating and Cooling Rates
Due to the stresses that arise in coatings during heating and cooling, it is necessary
to control the rate at which a sample is heated or cooled. Based primarily on trial and
error analysis, it was determined that heating and cooling rates above SOC/min for the
RBAO precursor powder would lead to coating failure. Annealing rates greater than
1°C/min for sintering ofboth the RBAO and YSZ top coat layers would also lead to
coating failure by cracking and subsequent spallation. While lateral cracking is expected
to some degree, as can be seen in by micrographs ofcoating microstructure and
morphology, cracks that propagate longitudinally during TBC processing typically lead to
coating failure.
4.3.1.2 Pre-Annealing ofRBAO Precursor Powder
The first heat treatment step for the full electrochemically processed TBC was a
low-temperature heat treatment which served to chemically bond the electrophetically
deposited RBAO layer to the outer electrodeposited Ni-Al-Ah03 layer. Attempts to
deposit subsequent layers on top ofthe RBAO with no pre-annealing resulted in the latter
layer pulling the RBAO from the substrate during drying. Heat treatment for this process
involved both the selection ofan appropriate heating and cooling rates in addition to the
selection ofan annealing temperature which would permit chemical bonding without
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oxidation ofthe RBAO powder. Figure 4.13 shows a temperature versus time schedule
for this annealing run. This step was performed by heating the TBC sample at a rate of
3°C/min to 400°C where it was held for 10 minutes. The sample was then cooled at
5°C/min to room temperature. The result of this annealing step was an RBAO layer
sufficiently bonded to the underlying layer to permit subsequent deposition ofan outer
YSZ layer. Furthermore, by annealing at such a temperature the aluminum in the RBAO
was not oxidizing thus maintaining an electrically conductive path through this layer for
further deposition. Figure 4.14 shows a schematic diagram ofthe difference between
mechanical bonding and chemical bonding in this system.
4.3.1.3 Oxidation ofRBAO Layer
Following deposition ofthe outer YSZ layer by electrophoretic deposition, the
final heat treatment step was performed. This final step served to both oxidize the RBAO
precursor layer and sinter both the RBAO and YSZ layers.
Figure 4.15 shows a temperature versus time profile for this annealing step. Due
to the combined thickness ofthese two electrophoretically deposited layers in addition to
the interface existing between them, slower heating and cooling rates were required in
order to minimize the stresses that developed during this heat treatment step. For that
reason, the sample was both heated and cooled at a rate of 1°C/min to 1050°C, and
cooled at the same rate to room temperature. The sample was held at 1050°C for a period
ofthree hours.
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Following this final heat treatment step, the RBAO layer appears to oxidize fully to
a 90% Ah03-10% Zr02 layer due to a change in color from metallic gray to bright white.
In addition, a sintered outer two layers now exist which are far more durable than their
corresponding green-body states. The change in appearance on the RBAO layer upon
oxidation was first observed for a pure RBAO coating on an electrodeposited Ni-Al-Ah03
coating. Figure 4.16 shows the physical change that occurs as the RBAO precursor
powder is oxidized to a full Al20 3-Zr02 layer.
4.3.2 Microstructure of Annealed Coatings
4.3.2.1 Cross-Sectional Microstructure ofRBAO/Zr02
The cross-sectional microstructure ofan annealed RBAO/Zr02 coating is shown in
Figure 4.17. During annealing, the ceramic particles "fuse" together leading to what
appears to be large spherical particles bonded at points ofcontact. In the case ofthe
TBC, the interface between the individual layers can be seen to be very continuous, with
no observable break between the outer ceramic layers. The only distinguishable difference
between these layers would be the slight variance in color that again exists as a result of
atomic number contrast.
As can be seen from Fig 4.17, the annealed structure resulting from heat treatment
does not indicate a 100% dense structure. Porosity is still evident in these layers
indicative that this is not achieved its theoretical density. For a 100% dense structure, the
particles would fully fuse together until the space between the individual spheres was
completely eliminated. This is possible with castings and other free ceramic structures, but
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not in the case ofa coating. For a ceramic to achieve 100% density, it would have to
shrink in the process, which is not possible due to the underlying substrate. This porosity
can be seen more clearly in the micrographs showing surface morphology.
At various points in the microstructure, lateral cracking can be observed as cracks
that span the coating thickness. These cracks are identified in Figure 4.17 by small
arrows. While this type ofcracking is indicative ofa discontinuity ofthe coating
microstructure, lateral cracking is commonly observed in TBCs and has been proposed to
be necessary to help compensate the thermal stresses that arise during cycling. More
importantly, no longitudinal cracking is observed. Longitudinal cracking may cause
segments of the coating to spall and is undesirable in TBCs. Furthermore, no cracking is
observed at the interface between the RBAO and ZrOz layers.
4.3.2.2 Coating Surface Morphology of Zr02
Figure 4.18 shows the surface morphology ofthe annealed ZrOz coating surface
for several magnifications. As was seen in the case of the green body, coating
microstructure is similar in both the surface and cross-section.
Two phenomena take place during the final annealing step for the ZrOzlayer. The
first is the shrinking and joining ofthe respective agglomerates ofzr02particles into
larger spheres. The second is the joining or "fusing" ofthese spheres.
Figure 4.18(a) show the first SEM micrograph ofthe Zr02 surface at a
magnification of 100x. At this magnification the non-uniformity ofthe annealed surface
can be seen. It is believed that this non-uniformity is a result of the coating attempting to
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shrink during the annealing process. The result ofthis shrinkage is that some areas will
develop voids as the neighboring coating is pulled away.
Figures 4.18(b) and 4.18(c) show this same coating magnified to IOOOx. From
these micrographs the individual agglomerated spherical particles can be seen fusing to
each other to form a relatively uniform network. Also, the porosity of this structure is
very evident due to the voids that form even at this level. In addition, figure 4.l8(c)
shows a microcrack propagating through this networked structure.
Figure 4.18(d) gives an indication ofthe size of the respective agglomerated
spheres. Based on the given If.lm bar, it appears that these spheres are ofthe order of2-
3f.lm, compared to the original O.lf.lm particle size of the particles in the deposition bath.
4.3.3 Mechanical Properties
4.3.3.1 Microhardness
Microhardness measurements have been made both throughout the
electrodeposited nickel matrix and in the outer Ah03 and Zr02 sintered layers. The knoop
hardness values recorded throughout these layers are given in Table X.
4.3.4 Elevated Temperature Evaluation of Coatings
In order to evaluate the ability of the electrochemically processed TBC to survive
under those conditions typical for turbine applications, a series ofexperiments were
performed designed to simulate high-temperature application. The important properties to
examine with those relating to oxidation ofboth the TBC and substrate, the insulating
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effect of the TBC on the substrate, and the lifetime of the TBC under thermal cycling
conditions. In order to subjectively evaluate the performance ofthe electrochemically
produced TBCs, several air plasma spray TBCs were obtained from Westinghouse to use
as benchmarks during some elevated temperature testing. These air plasma spray coating
were provides as representative samples of the type ofcoating commonly used
industrially. The composition and microstructure ofthese air plasma spray coatings will
be described in greater detail in the following sections.
4.3.4.1 Oxidation of TBCs
The region observed to be most readily attacked during oxidation was the interface
between the outer electrophoretically deposited Ah03 and ZrOz layers and the
electrodeposited Ni-Al-Ah03layer. Oxide growth at this interface was studied by
exposing TBC samples to elevated temperatures for various time increments. Following
elevated temperature exposure, oxide growth was observed as a function ofexposure
time. The oxidized region for a fully electrochemically processed TBC can be seen in
figure 4.19. This figure shows the outer Ni-Al-Alz0 3layer in addition to the RBAO/ZrOz
topcoat. The oxide region is labeled as such and includes the "fingers" that extend into
the outer electrodeposited layer.
Figure 4.20 shows cross-sectional micrographs of six separate electrochemically
processed TBCs exposed to elevated temperature conditions for increasing exposure
times.. From these micrographs and the corresponding measured values for oxide layer
thickness, it has been determined that for exposure periods ofup to 100 hours oxide
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thickness does not change. The oxide thickness values corresponding to each micrograph
are shown in Table XI.
The resistance ofthe electrochemically processed TBes to oxidation is primarily
due to the preferential reaction between Al and Ni in the electrodeposited matrix to form a
y or y-y' two phase alloy (Susan 1995). For this system, where y' represents the NhAl
intermetallic phase, both phases agree with the equilibrium phase diagram therefore
suggesting equilibrium is reached during the annealing process. Additional resistance to
substrate oxidation is obtained from oxidation at the interface ofthe outer
electrodeposited Ni-Al-Al20 3 and RBAO layers. This mechanism is described in greater
detail in the next section.
4.3.4.2 Oxide Identification
To determine the oxide layers present at the EDEP-EPD interface, existing
literature was used in addition to microprobe mapping and EDS to characterize this
region. The region in question has been shown in figure 4.19, and a more detailed SEM
image ofthis same region can be seen in figure 4.21.
The first tool used to characterize this region was an SEM probe map ofthe
region. This was generated using the JEOL 733 Super Probe, which scans for specific
elements over a desired region, showing elemental concentration by color intensity. The
results ofthis scan are shown in figure 4.22. The elements chosen for this scan were: Al
for the presence ofAl20 3, NiAh04, and y-y', Ni for NiO, NiAh04, and y-y', 0 for Zr02,
Al20 3, NiO, and NiAl20 4, and finally Zr for the Zr02 layer. Based on the color intensity of
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the respective scans shown in figure 4.22, in which a white region shows oversaturation of
the detector and indicates highest concentrations, the respective elemental concentrations
can be observed.
The oxides which were expected to be present in this region were determined
based on literature for oxidation of such system as FeCrAl and NiCrAl (Tomaszewicz and
Wallwork 1983; Nicholls, Hancock, and Yasiri 1989; Carrasco, Adeva, and Aballe 1990).
For these systems, oxidation studies were conducted for a range ofAl and Cr
concentrations. For low Cr and correspondingly high Al concentrations, a series ofoxides
including NiO, spinel (NiAl20 4), and Al20 3 were observed to form at the surface ofthe
sample. In addition, small amounts ofCr203 were observed even though it was
I,
determined to be favorable for Al20 3 to form more readily.
By considering the electron probe data and the literature resources, it was
proposed that the oxide layers that would form would form as follows: Al20 3, NiAl20 4,
and NiO (in order from Ni-Al-Al20 3 to RBAO). Support for this can be found from the
electron probe data, seen in Figures 4.23 and 4.24. By first looking at the Al map, a
region ofvery intense concentration can be seen corresponding to the fingers that extent
into the EDEP matrix. In this same region, the Ni concentration is very low and oxygen
concentration is fairly high, suggesting that this would be the Al20 3 phase. Again, looking
at Al map, the region above the fingers (deeper into EDEP matrix) appears to have very
low Al concentration. This suggests that Al is diffusing out ofthe EDEP matrix to form
the Al20 3 layer. The diffusion ofAl to form ofan Al20 3 oxide layer is beneficial, as
alumina (and chromia) have been shown to serve as a protective layer by preventing
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oxygen diffusion into the remaining matrix. The region below the fingers (away from
EDEP matrix) shows less AI concentration until there appears a region with no aluminum
before the RBAO layer becomes evident. The region oflower AI concentration would
correspond to the NiAlZ0 4 phase followed by the NiO layer. Finally, the RBAO and ZrOz
layers are easily visible in the respective AI, Zr, and 0 probe maps.
In order to support the qualitative claims regarding the oxide region structure,
EDS was performed to further identifY elemental concentrations through this region.
Figure 4.23 shows an identical SEM image to that seen in figure 4.21. However, in this
image, several points are identified throughout the oxide region correspond to places at
which EDS spectra were performed. These points were selected as representative areas
throughout the structure. Figure 4.24 shows each spectra numbered to correspond to the
point shown in figure 4.23.
Table XII summarizes the respective EDS spectra shown in figures 4.24 and
proposes phases corresponding to each point based on both the probe maps and EDS
results. The proposed identification ofthese phases has been made based on those trends
shown in the literature for oxide sequence, in addition to the elements present and their
respective concentration through the oxide region.
4.3.4.3 TBC Insulative Capacity Measurements
The ability ofa given THC to protect the coated substrate can be evaluated by
observing the temperature reduction created by the THC. To quantify this value, a flame
impingement apparatus was constructed with which to subject the coated surface ofa
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substrate to an elevated temperature while recording temperature values at both the TBC
surface and the substrate. A schematic of this apparatus is shown in figure 3.5.
To perform this testing, the flame source was positioned at a distance that
provided the desired topside temperature. Simultaneously, thermocouples measured the
top and backside temperatures for the sample. Flame distance was adjusted in order to
create a range oftemperatures between 850°C and 1100°C. Table XIII shows the coating
thickness, exposure temperature, backside temperature, and temperature reduction over a
range ofexposure temperatures for both EDEP and air-plasma spray TBCs. Using the
values for temperature reduction achieved for each respective type ofcoating, these values
were divided by the coating thickness to normalize the reduction per unit thickness.
Thickness measurements taken during cross-sectional analysis showed coating thickness
for the electrochemically processed samples in the range of20011m, while the air plasma
spray samples were approximately 40011m. Furthermore for the air plasma spray samples,
300llm ofthe coating thickness was attributed to the outer thermally resistant YSZ layer.
The insulative capacity data was then plotted as temperature reduction per unit thickness
as a function oftopside temperature. This plot is shown in figure 4.25. From this plot it
can be seen that despite being relatively thin compared to the air-plasma spray coating, a
significantly higher per unit temperature reduction is achieved with the electrochemically
processed coatings.
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4.3.4.4 Furnace Cycling of THC
The final elevated temperature testing performed on both the electrochemically
processed and air-plasma spray TBCs was an extended thermal cycling evaluation. This
testing was performed in order to evaluate the ability ofeach coating to withstand rapid
heating and cooling.
Four total TBC samples, 2 electrochemically processed and 2 air-plasma spray,
were cycled to a temperature of 1050°C for a period of 55 days. Figure 4.26 shows these
samples following cycling on the final day. In each case, the sample had curved in a
concave manner on the coated side. In addition, both samples were still primarily intact
with some spallation occurring for each near the comers. The predicted failure mechanism
for these samples was oxidation ofthe uncoated backside ofthe sample. Due to oxidation
ofthe uncoated Ni substrate, it was estimated that ofthe original2mm thick substrate,
only about 25% remained.
Figure 4.27 shows an optical micrograph ofthe as-received air-plasma spray
coating on a Ni substrate. The coating thickness has been measured to be between 390
and 400llm with an approximately 100llm bond-coat and 300llm topcoat. For this
sample, the bond coat was identified as MCrAlY and the topcoat YSZ (Goedjen 1997).
In its as-received state, a great deal ofporosity can be seen in this coating, in both the
MCrAlY and YSZ layers.
Following cycling, a cross-section ofeach sample was studied to observe the
interfacial stability of the coating. Figure4.28 shows an optical micrograph ofthe air-
plasma spray cross-section following cycling. In figure 4.28(a) the entire thickness ofthe
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sample can be observed, including the oxidized backside ofthe sample and remaining
substrate. Figure 4.28(b) shows a close-up ofthe air-plasma spray side showing the TBC.
From this micrograph, a thin layer ofdark phase material can be seen lining the interface
between the air-plasma spray coating and the substrate. This is likely oxide forming at this
interface. No such phase was observed between the two layers ofthe as-received coating.
Figure 4.29 shows the electrochemically processed TBC following cycling. The
ceramic RBAO-YSZ topcoat for this sample was very thin (~20".Im) relative to the
topcoat seen in the air-plasma spray samples. Figure 4.29(a) shows the full cross-sectional
view ofthe sample, including several NiO layers that can be seen spalling from the
uncoated backside of the sample. In addition, a great deal ofporosity is observed in the
electrodeposited layers ofthe TBC. Figure 4.29(b) shows a higher magnification ofthe
electrodeposited region, in which the porosity can more easily be seen. It is believed that
this porosity is in fact pullout of the embedded Ah03 particles which have grown during
the course ofthe thermal cycling. Furthermore, figure 4.29(b) also shows what is believed
to be an oxide front moving through the sample from the unprotected backside. This can
be seen as a thin line stretching horizontally through the sample. This is most likely
oxygen diffusing through the Ni substrate, into the Ni-Al matrix. A more detailed
micrograph showing this oxide front can be seen in figure 4.29(c).
4.3.4.5 Failure Mechanisms
Two primary mechanisms for coating failure exist for TBCs, these include cracking
and subsequent coating spallation, and oxidation. In reality, either cracking or coating
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spallation accelerates the oxidation ofthe substrate material, thus accelerating coating and
component failure.
Referring to figure 4.26, a macroscopic view ofthe samples following thennal
cycling shows no obvious coating failure. However, in the case ofthe air plasma spray
coating spallation was observed between the plasma spray layers and the Iiickel substrate.
No such spallation was observed between the electrodeposited layers and the nickel
substrate in the electrochemically processed TBCs.
Another possible feature that may contribute to failure is cracking throughout the
protective coating. By observing the air plasma cross sectional micrographs shown in
figures 4.27 and 4.28(b), the porosity inherent in the YSZ layer ofthe TBC may in fact act
as a crack allowing oxygen to penetrate the coating. This might explain the oxide region
which materializes as a thin, dark layer between the MCrAlY bond-coat and Ni substrate.
In comparison, no interfacial oxidation can be seen between the electrodeposited layers
and Ni substrate ofthe electrochemically processed TBC. Furthermore, referring to figure
4.20, the porosity characteristic to the air plasma spray TBC is not seen to such a large
extent throughout the outer ceramic layers, and is not seen at all in the electrodeposited
layers. The oxidation that does take place only occurs between the electrodeposited Ni-
Al-AlZ0 3 layer and the RBAO layer. There has been no evidence ofcoating failure at this
interface.
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Another possible feature that may contribute to failure is cracking throughout the
protective coating. By observing the air plasma cross sectional micrographs shown in
figures 4.27 and 4.28(b), the porosity inherent in the YSZ layer ofthe TBC may in fact act
as a crack allowing oxygen to penetrate the coating. This might explain the oxide region
which materializes as a thin, dark layer between the MCrAlY bond-coat and Ni substrate.
In comparison, no interfacial oxidation can be seen between the e1ectrodeposited layers
and Ni substrate ofthe electrochemically processed TBC. Furthermor~, referring to figure
4.20, the porosity characteristic to the air plasma spray TBC is not seen to such a large
extent throughout the outer ceramic layers, and is not seen at all in the electrodeposited
layers. The oxidation that does take place only occurs between the electrodeposited Ni-
Al-Al20 3 layer and the RBAO layer. There has been no evidence ofcoating failure at this
interface.
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5.0 CONCLUSIONS
For the processing and characterization ofelectrochemically processed thermal
barrier coatings, the following conclusions were found:
1. Based on the use ofan electrodeposited bond-coat, consisting ofa dual-layer Ni-
AI-Ah03 matrix with increasing AI20 3 concentration in the outer layer, it has
been shown possible to electrophoretically deposit multiple ceramic layers to serve
as the topcoat using appropriate sintering routes. The deposition ofthe topcoat
layers is made possible by the electrically conductive path maintained through the
EDEP matrix.
2. By selection ofannealing routes incorporating slow heating and cooling rates it is
possible to simultaneously sinter the ceramic layers and oxidize the RBAO
precursor powder to form a dense, ceramic topcoat layer while maintaining the
near-net shape ofthe precursor.
3. The formation ofa protective AI20 3 layer prevents further oxidation ofthe Ni-AI
matrix and substrate under extended service conditions in the electrochemically
processed TBCs.
57
4. Under comparative testing with air-plasma spray samples provided from
Westinghouse, it has been found the over a range ofsample exposure temperatures
electrochemically processed TBCs were found to provide a greater per unit
thickness temperature reduction through the sample.
5. Following thermal cycling ofboth the air plasma spray and electrochemically
processed TBCs, oxidation was observed at the interface between the substrate
and TBC for the air plasma samples. Similar oxidation was not observed at this
interface for the electrochemically processed samples. This oxidation is believed to
be made possible by the highly porous nature ofthe air plasma coating which
effectively emulates lateral cracking. While porosity is observed to some extent in
the electrochemically processed samples, the electrodeposited Ni-Al mafrix. further
acts as a barrier to oxygen diffusion.
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Figure 2.1: Schematic representation of an (a) continually graded and, (b)
discretely graded microstructure.
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Figure 2.2: Composition profile for two element continuous and discretely
graded FGMs. Profiles A and B show the change in composition
for the bond coat and top coat, respectively. Profile C shows a
discretely graded material A.
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(a) Chemistry ofAqueous Systems
Hydrolysis
Acid-Base Reactions
H20 ~7 It+ OH-
(b) Chemistry ofNon-aqueous Systems
Resonance / Hyperconjugation
Lone-Pair Interactions
Figure 2.3: Examples ofchemistry that occurs for both (a) aqueous and (b) non-
aqueous systems.
83
Double Layer
(8)/7 ~~~..er Helmholtz Layer(Tightly Held)
Surface oxygen atoms
possessing a partial negative
charge (oxide ceramics only)
Lyosphere (Loosely Held)
Ceramic
Particle
Figure 2.4: Helmholtz double layer formation for (a) aqueous and
(b) non-aqueous systems. Hydrolysis takes place in the aqueous
system while in non-aqueous systems polar or charged organic
molecules position themselves such that opposite charges align.
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Surface oxygen atoms
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charge (oxide ceramics only)
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Ceramic
Particle
Figure 2.4: Helmholtz double layer formation for (a) aqueous and
(b) non-aqueous systems. Hydrolysis takes place in the aqueous
system while in non-aqueous systems polar or charged organic
molecules position themselves such that opposite charges align.
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Figure 2.5: Upon application ofan electrical potential, the Helmholtz Double
Layer shown schematically in Fig. 2.4 will distort as each charged
region distorts due to attraction to its corresponding oppositely
charged electrode. In addition, the lyosphere may break apart as
regions are drawn away from the particle toward the cathode.
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86
100
90 tao
> 80e
---~ 70 MgO NiO.-~
c::
GJ 60 Ag,Ol~0
0..
I
~ 50 Y'l0,~GJ
N
40 wo,
30
0.0 5.0 10.0 15.0 20.0 25.0
Xi
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Figure 2.8: Electrophoretic apparatus using carbon electrodes.
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Figure 2.9: Schematic cross-sectional illustration ofan apparatus for electrophoresis.
Numbered references are as follows: 10 electrophoretic cell, 11 ultrasonic
wave generator, 13 solvent system, 15 and 17 electrodes, 19 electric
source, 20 control system, 21 recording system.
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Figure 2.10: Schematic model for the deposition mechanism ofthe oxide particles
charged by adsorbed H".
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Figure 2.11: Temperature profile for thennal cycling tests.
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Figure 2.12: Thennal cycling test results for electrophoretically deposited bond coat and
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Figure 3.1: Photograph showing the electrophoretic deposition laboratory.
93
Figure 3.1: Photograph showing the electrophoretic deposition laboratory.
93
Figure 3.2: Photograph showing a close-up ofthe electrophoretic deposition
equipment, focusing on the orientation between the wire anode and nickel
cathode.
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Figurc 3.2: Photograph showing a close-up of the electrophoretic deposition
equipment, focusing on the orientation between the wire anode and nickel
cathode.
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Lid to keep vapors from escaping
Substrate coated with ceramic
Humid atmosphere surrounding coating
Solvent (methanol)
Figure 3.3: Schematic drawing ofthe controlled humidity chamber.
To power supply
Nickel Superalloy substrate (cathode)
Nickel anodes
Ceramic / solvent
Stirring bar
Figure 3.4: Schematic diagram of a multiple anode system used for creating a
uniform deposit on all sides on a substrate.
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~ Thermocouple
Figure 3.5: Schematic diagram ofthe apparatus for measurement ofthe insulative
capacity ofa TBC.
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Figure 4.1: Schematic digram ofa model electrochemically processed TBC. Layer
thicknesses are comparable to bond-coat and top-coat layer thicknesses
commonly reported in literature for commercial TBCs.
97
RBMO (-25 urn)
Ni-AI-Al203 (60 urn)
.f\Ji-A1 (6Clll lll)
Ni Superalloy
Figure 4.1: Schematic digram of a model electrochemically processed TBC. Layer
thicknesses are comparable to bond-coat and top-coat layer thicknesses
commonly reported in literature for commercial TBCs.
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Figure 4.2: Deposition rate for YSZ as a function ofthe applied voltage.
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Figure 4.3: Voltage and deposition time conditions for the deposition ofreproducibly
thick coatings ofYSZ on nickel substrates.
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Figure 4.5: SEM micrograph showing surface morphology ofYSZ deposited on a
nickel substrate at a voltage potential of200V for 3 seconds.
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Figure 4.5: SEM micrograph showing surface morphology ofYSZ deposited on a
nickel substrate at a voltage potential of200V for 3 seconds.
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Figure 4.6: SEM micrograph showing surface morphology'ofYSZ deposited on a
nickel substrate at a voltage potential of SOV for 4Sseconds. Point A
shows a large central agglomerate surrounded by microcracking.
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Figure 4.6: SEM micrograph showing sur lace morphology or YSZ deposited on a
nickel substrate at a voltage potential or SOY 1'01' 45 seconds. Point A
shows a large central agglomerate surrounded by microcracking.
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Figure 4.13: Temperature versus time profile for the first heat treatment step ofan
electrochemically processed TBC. This annealing step serves to chemically
bond the RBAO layer to the outer Ni-Al-Ah03 layer without oxidation of
the RBAO precursor powder.
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Figure 4.14 Schematic diagram showing (a) mechanical and (b) chemical bonding for
an electrophoretically deposited RBAO layer on a electrodeposited Ni-Al
matrix.
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Figure 4.15 Temperature versus time profile for the final annealing step ofthe
electrochemically processed TBC. This annealing step serves to both
oxidize the RBAO layer and sinter both the RBAO and YSZ layers.
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Figure 4.16 RBAO coating on a Ni-Al-Ah03 substrate (a) as-deposited and (b)
following high-temperature annealing step. The gray color in the as-
deposited photo is indicative ofthe metallic nature ofthe coating prior to
annealing.
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Figure 4.16 RBAO coating on a Ni-AI-Ab03 substrate (a) as-deposited and (b)
following high-temperature annealing step. The gray color in the as-
deposited photo is indicative of the metallic nature of the coating prior to
annealing.
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Figure 4.17: Cross sectional SEM ~crograph ofthe interface between annealed RBAO
and YSZ. Atomic number contrast is again present to help differentiate
between the RBAO and Zr02 layers.
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Figure 4.17: Cross sectional SEM micrograph ofthe interface between annealed RBAO
and YSZ. Atomic number contrast is again present to help differentiate
between the RBAO and Zr02 layers.
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Figure 4.18 Surface morphology ofthe annealed ZrOz topcoat layer at magnifications
of (a) I,OOOx, (b) 1O,OOOx, (c) 1O,OOOx (including microcracking), and (d)
15,OOOx
lIS
Figure 4.18 Surface morphology of the annealed Zr02 topcoat layer at magnifications
of (a) 1,OOOx, (b) 10,OOOx, (c) 10,OOOx (including microcracking), and (d)
15.000x
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Figure 4.19 Optical micrograph ofa fully electrochemically processed TBC showing
the outer electrodeposited Ni-Al-Ah03 layer and the electrophoretically
deposited RBAO and Zr02 layers.
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YSZ
Figure 4.19 Optical micrograph ofa fully electrochemically processed TBe showing
the outer e1ectrodeposited Ni-AI-Ah03 layer and the electrophoretically
deposited RBAO and Zr02 layers.
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Figure 4.20 Optical micrographs showing the cross-section ofsix electrochemically
processed TBCs subjected to a temperature oflOOO°C for (a) 0 hours, (b)
5 hours, (c) 10 hours, Cd) 25 hours, (e) 50 hours, and (t) 100 hours.
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Figure 4.21 SEM micrograph ofthe oxidized EDEP-EPD interface. Note that in this
micrograph, the sample orientation has the ceramic top-coat at the bottom
ofthe micrograph.
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Figure 4.21 SEM micrograph of the oxidized EDEP-EPD interface. Note that in this
micrograph, the sample orientation has the ceramic top-coat at the bottom
of the micrograph.
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Figure 4.22 mOL 733 Super Probe spot map ofan electrochemically processed TBC
sample. Maps for AI, Ni, 0, and Zr are given in addition to an XVID
image which is a composite image showing all elements. Areas that appear
white correspond to highest concentration.
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Figure 4.22 .IFOL 733 Super Probe spot map oran electrochemically processed TBC
sample. Maps for AI. Ni. O. and Zr are given in addition to an XVID
image which is a composite image showing all clements. Areas that appear
\vhitc correspond to highest concentration.
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Figure 4.23 SEM micrograph ofthe oxidized EDEP-EPD interface, identifying points
corresponding to areas where EDS spectra were obtained. Again, in this
micrograph sample orientation has the top-coat on the bottom ofthe
micrograph.
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Figure 4.23 SEM micrograph of the oxidized EDEP-EPD interface, identifYing points
corresponding to areas where EDS spectra were obtained. Again, in this
micrograph sample orientation has the top-coat on the bottom of the
micrograph.
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Figure 4.25 Plot showing the top-side flame temperature and resulting reduction in
temperature through each thermal barrier coating. Temperature reduction
is normalized for each sample by dividing by the coating thickness.
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Figure 4.26 Light optical micrograph ofthermal cycling samples following the 55th
cycle. Cycles consisted of23 hours at 1050°C with a 1hour rapid cool to
room temperature. Top two samples air air-plasma spray samples prepared
by Westinghouse. Bottom samples were electrochemically processed.
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Figure 4.27 Light optical micrograph ofthe cross-section ofan as-received air-plasma
spray TBC. The top-coat layer is composed ofYSZ and the bond-coat is
MCrAlY.
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Figure 4.28 Light optical micrograph ofthe cross-section ofan air-plasma spray TBC
following thermal cycling. Figure (a) shows a full cross-sectional view of
the sample. Key features such as a thin oxide region are identified
accordingly. Figure (b) shows the thin oxide layer between the substrate
and the THC.
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Figure 4.29 Light optical micrograph ofthe electrochemically processed TBC following
thermal cycling. Figure (a) shows a full cross-sectional view ofthe sample,
(b) shows the porosity present in the electrodeposited layers due to Ah03
particle pull-out, and (c) shows the oxide front penetrating the substrate.
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Figure 4.29 Light optical micrograph of the electrochemically processed TBe following
thermal cycling. Figure (a) shows a full cross-sectional view of the sample.
(b) shows the porosity present in the electrodeposited layers due to AbO)
particle pull-out. and (c) shows the oxide fi'ont penetrating the substrate.
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